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Abstract 
Hydrogen peroxide (H2O2) is an oxidizing agent used to disinfect irrigation systems (e.g. 
nutrient solution and equipment) used in controlled environment plant production and produces no 
harmful by-products. The action of H2O2 is non-selective, and therefor H2O2 will oxidize all 
components of the irrigation water as well as tissues from the greenhouse crops being irrigated. 
The phytotoxic effect H2O2 has on common greenhouse crops is not well understood, requiring 
detailed characterization and determination of threshold concentrations. Thresholds within the 
thesis were based on applied H2O2 concentrations which negatively affected the marketability of 
crops. A combination of visual damage, declining plant growth, and the life stage of the crop at 
harvest were used to establish these thresholds. Two distinct studies, each of which involved a 
unique irrigation method, were designed to establish H2O2 threshold concentrations. In the first 
study, eight concentrations of H2O2, ranging from 0 to 200 mg⸱L-1, were applied to three 
microgreen species (radish, arugula, sunflower) and three lettuce cultivars (‘othilie’, ‘rouxai’, 
‘xandra’). Applications were made once per day from seed to harvest using a backpack sprayer 
under greenhouse conditions. Phytotoxic effects were limited to visible injuries on cotyledons or 
leaves, as growth was not affected by any treatment. Injury from H2O2 manifested in similar 
patterns on leaves for each crop, other than sunflower, which was not damaged by H2O2. However, 
the amount of damage on the leaf surface, and the extent of damage throughout the crop, were 
unique to each affected species, or cultivar. Visible injury occurred with any applied H2O2, though 
marketability of affected crops declined only at H2O2 concentrations near to or greater than those 
recommended to control pathogens. The second study investigated how H2O2 in hydroponic 
solution would affect the growth of ‘Picowell’ cucumber, ‘Maxifort’ tomato, and ‘Little Gem’ 
lettuce. Eight H2O2 concentrations ranging from 0 to 400 mg⸱L-1  were applied four times to the 
nutrient solution of each crop over a 20 d period under greenhouse conditions. Phytotoxic effects 
ii 
 
from H2O2 were unique to each crop, requiring species specific criteria to establish threshold 
concentrations. Roots for all three crops exhibited visible injury from H2O2 applications, with 
cucumber roots being most susceptible. This dictated that the concentration threshold for 
‘Picowell’ cucumbers must consider root injury in the context of whole plant growth. Tomato roots 
exhibited less severe visual damage symptoms than cucumber roots and all above ground growth 
metrics significantly declined at one specific H2O2 concentration. Lettuce threshold criteria were 
unique in that they considered only marketable traits (e.g. fresh weight, leaf area) as H2O2 
phytotoxicity was established over a full production cycle (7 weeks). Similar to the foliar spray 
experiment, maximum threshold concentrations were at, or above, H2O2 product label 
recommendations for pathogen control. 
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Chapter 1 
1 – Introduction 
 This thesis has been organized into four chapters. The first chapter consists of a literature 
review of relevant research conducted on the use of hydrogen peroxide (H2O2) in controlled 
environmental plant production as well as a summary of the objectives and methods for said 
research. The following two chapters present the findings from two greenhouse trials on this topic. 
The final chapter summarizes and discusses the principle findings, practical applications, 
applications, and potential future research 
1.1 – Literature Review 
1.1.1 – Organic and conventional vegetable production  
In Canada, greenhouse vegetable production is a major part of agriculture with 887 
operations producing 634 513 metric tonnes of vegetables in 2017 (Government of Canada, 2019). 
The industry is concentrated in a few provinces with Ontario (69%), British Columbia (19%), and 
Quebec (6%) dominating the landscape (Government of Canada, 2019). One area, centralized 
around Leamington and Kingsville, Ontario, has over 2000 acres of greenhouses, representing 60 
% of the industry in Ontario. Nationwide greenhouse vegetable production is focused on tomatoes 
(38%), peppers (38%) and seedless cucumbers (26%), while other crops (3%) make up the 
remaining amount (Government of Canada, 2019). Other crops, including salad greens, herbs, 
microgreens, and sprouts, are high value crops produced under conventional, and organic regimes.  
Greenhouse vegetable crops are grown in either soil-based, or soilless production systems. 
Soilless production offers advantages such as; sterility of media, controlled fertilizer contents, and 
increased sustainability over soil based systems (Raviv and Lieth, 2008). A key part of soilless 
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production is the reuse of fertigation solution within a closed loop, or recirculated fertigation 
system. Rather than letting fertigation water drain openly to the surrounding environment, it is 
collected in centralized tanks, cleaned, and reapplied to crops (Van Os, 1999). Cleaning fertigation 
water involves the removal of organic matter, pathogens and other unwanted constituents (Van 
Os, 2009). Physical filtration systems, such as screens to remove organic matter (Majsztrik et al, 
2017), and slow sand filters (Van Os, 2009), leave some valuable fertilizers behind and reduce 
costs for growers. Disinfectants are added, either alone, or in combination with these systems, to 
allow for control over a wide variety of plant and human pathogens (Stewart-Wade, 2011) which 
would otherwise disrupt Canadian food supply networks. Thus, managing fertigation water is a 
key aspect of food security in both conventional and organic agriculture. 
1.1.2 – Fertigation water management 
Managing plant pathogens within controlled environmental systems (e.g. greenhouses), 
requires disinfecting agents to sanitize fertigation water, and production surfaces. These agents are 
usually chemicals which neutralize, or reduce pathogen counts, through various methods. One 
method is by oxidizing cellular membranes, proteins and other internal components (Newman, 
2004). As the name suggests, oxidizing agents donate electrons and are subsequently reduced to 
various by-products. Oxidizing agents are non-specific within fertigation water, and will react with 
both beneficial and harmful microorganisms, organic matter such as plant material, or biofilms, 
and the substrate material used in production (Newman, 2004). Two methods are commonly 
employed to measure disinfectants; monitoring concentrations directly, or measuring the 
Oxidation-Reduction Potential (ORP) of the water. Concentration (in ppm or mg⸱L-1) provides a 
reading specific to the oxidizing agent within the irrigation water. Reading ORP measures total 
oxidizing charge of the irrigation water, including cations and anions from fertilizer sources, or 
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any other charged particles, without specifying the source of the charge (Van Wyk et al, 2012). 
This can greatly limit interpretability of ORP measurements as a detailed understanding of 
irrigation water contents is required to ensure the oxidizing agent is imparting the correct charge 
on the water  Thus, a variety of methods are available to directly measure the concentration of 
disinfectants which reduces interference and allows for accurate application (Raudales, 2014c). 
Oxidizing agents commonly employed within greenhouse production include: chlorinated 
compounds such as sodium hypochlorite or chlorine dioxide, ozone, paracetic acid (PAA) and 
H2O2 (Stewart-Wade, 2011). 
1.1.3 – Industrial history of hydrogen peroxide 
H2O2 was first discovered in 1818 by Louis Jacques Thenard through the reaction of barium 
peroxide with nitric acid (McDonnell, 2014). Variations of this reaction were employed until the 
mid-20th century when three methods; electrolytic, anthraquinone, and isopropyl-alcohol oxidation 
were developed (Wernimont et al, 1998). Today, the anthraquinone auto-oxidation method, first 
developed by DuPont chemical, makes up the vast majority of industrial production (Wernimont 
et al, 1998). As the formula suggests, H2O2 consists of two hydrogen and two oxygen atoms, where 
one atom of oxygen is linked to both hydrogen atoms and the additional oxygen atom as a valence 
tetrad. It exists as a pale blue liquid at industrial concentrations greater than 10%, but becomes 
colourless when diluted to the 3% concentration commonly found in drugstores. H2O2 is a 
relatively unstable compound which decomposes naturally, or via the application of a catalyst, 
under a variety of environmental conditions. Catalysts range from inorganic metals, such as 
manganese (IV) or iron oxides (McDonnell, 2014), to naturally occurring enzymes like catalase 
(Bosmans et al, 2016; Van Haute et al, 2015), to ultraviolet light from the sun (Sichel et al, 2009). 
Using catalysts allows for control over this reaction in an application specific manner. Applied on 
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its own, or in combination with catalysts, H2O2 is employed throughout industries worldwide from 
pulp and paper to the manufacture of detergents to disinfection of wastewater and fertigation 
systems. 
1.1.4 – Hydrogen peroxide for disinfection  
As a strong oxidizer, H2O2 is applied primarily to prevent the growth of plant pathogens 
within fertigation water, though it has potent actions against established pathogens. The oxidizing 
potential of H2O2 (1.7 V) is higher than that of more common disinfectants such as free chlorine 
(1.36 V) or chlorine dioxide (1.57 V), but remains less than that of ozone (2.07 V) (Newman, 
2004). H2O2 decomposes into hydroxyl radicals, superoxide anions and other highly reactive 
molecules which reduce stability of cell membranes, cellular proteins, and in some cases DNA 
(Linley et al, 2012). This mode of action is similar to that of ozone, as both disinfectants do not 
produce the harmful disinfection by-products (DPB) formed during the use of chlorine (Ronen et 
al, 2010). Two common DPBs, are trihalomethanes (THMs), such as chloroform, and 
dibromochloromethane, and the chlorates (ClO3
-) produced by the reaction of chlorine with various 
organic materials in fertigation water (Singer, 1994). These are known class B carcinogens which 
accumulate in the central return tank of recirculated fertigation systems (Hua & Reckhow, 2007) 
and also within plant tissues (Lopez-Galvez et al, 2018). As a result, recirculated water becomes 
phytotoxic to agricultural crops and has the potential to damage the surrounding environment 
during discharge events (Singer, 1994).  
Phytotoxicity is defined as any adverse effect on plant growth, appearance or germination 
caused by specific substances, usually chemical or insects (Raviv and Lieth, 2008). Using H2O2 
avoids causing environmental damage by breaking down to oxygen and water as final by-products, 
regardless of the intermediate reaction steps (Olmez & Kretzschmar, 2009). This makes H2O2 is 
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an ideal candidate for green chemistry and organic agriculture, where disinfectants are required to 
produce no DPBss, regardless of water matrix constituents (Carrasco & Urrestarazu, 2010). As an 
added benefit, decomposition of H2O2 will increase dissolved oxygen content of fertigation water, 
potentially enhancing crop growth from additional oxygen within the root zone (Butcher, 2016). 
Further, H2O2 is readily accessible to greenhouse growers due to low cost and ease of use within 
recirculated nutrient solutions. 
1.1.5 – Hydrogen peroxide in fertigation water 
Applying H2O2 involves the use of a single peroxide injector to efficiently dose fertigation 
water, though multiple injection sites on a single irrigation system can be employed. H2O2 injected 
either in-line with outgoing, or return, fertigation water, or directly into central collection tanks. 
Food grade H2O2 costs ~$115 per 135L at a 35% concentration, though price will vary depending 
on concentrations, quality and additives. One additive, silver, brings cost to ~$1000 per 100L at a 
50% concentration, but increases efficacy against pathogens through a synergistic effect (Pedahzur 
et al, 1995). A 113.5 L barrel of ZerotolTM (BioSafe Systems, LLC, East Hartford, CT, United 
States of America), a peroxygen product containing a mixture of H2O2 and peracetic acid, costs 
$1011. For small greenhouse operations, cost often decides which product to use and limits more 
expensive options. With or without additives, H2O2 remains less expensive than the in vitro 
generation of ozone, or chlorine dioxide, which require extensive technology and high initial 
investment fees (Raudales et al, 2014b). Capital investment, or the initial investment cost, is $1500 
for H2O2, $12000 for ozone, $18000 for chlorine dioxide and ~$11000 for copper-silver ionization, 
based on disinfecting 29263–37857 L d-1 of water in a small greenhouse operation (University of 
Guelph, 2014)  
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To sanitize fertigation water, harmful organisms must be exposed to adequate H2O2 
concentrations over appropriate time frames which vary dependant on the target organism 
(Raudales et al, 2014a). These factors dictate that disinfectants must be ever present within 
fertigation water. Maintaining residual concentrations of H2O2 necessitates repeated dosing at rates 
recommended on the product labels, as well as a detailed water analysis (Raudales et al, 2014b). 
The amount of H2O2 available for disinfection is influenced by pH, temperature, COD, BOD, 
fertilizer and organic matter content of fertigation water (Bosmans et al, 2016). Lower pH (pH < 
5) and water temperatures (<25⁰C) reduce the rate of spontaneous decomposition of H2O2, resulting 
in higher residual concentrations (Pedziwiatr et al, 2018). This may affect H2O2 activity as the 
generation of intermediate reaction products (OH-, O2
-, O-) lessens as the stability of H2O2 
increases in solution (Pedziwiatr et al, 2018). However, artificial control of pH and temperature in 
greenhouse fertigation, to meet crop nutrient requirements, reduces this effect (Raviv and Leith, 
2008). Thus, with higher residual concentrations, the consideration of how H2O2 affects crops 
directly becomes more prominent (Raudales et al, 2014b). Exposure of roots, leaves or other plant 
parts to fertigation water containing H2O2 can lead to the onset of phytotoxic effects and decreased 
growth within a variety of plant species (Bosmans et al, 2016; Van Wyk et al, 2012; Ehret, 2001; 
Raudales, 2014c). Further, hydroponic systems place plant roots under constant H2O2 exposure 
from direct contact with the nutrient solution throughout the growth cycle (Van Os, 1999). 
Establishing the severity of these phytotoxic effects is essential to growers whose profit margins 
depend directly on the quality of their plants, and particularly so in high value organic agriculture.  
1.1.6 – Hydrogen Peroxide and Plant Growth  
While capable of inducing a phytotoxic response, H2O2 at concentrations below those 
recommended for pathogen control, may enhance plant growth. Research has shown H2O2 applied 
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below 100 mg⸱L-1 can increase shoot weight (Ahmad, 2014; Hasan et al, 2016), cause root 
elongation (Lin & Kao, 2000; Li & Jai, 2013), increase root hair density (Foreman et al, 2003), 
improve leaf chlorophyll content (Hasan et al, 2016), intensify leaf growth (Deng et al, 2012; 
Guzel & Terzi, 2013) and regulate general metabolism (Carol & Dolan, 2006; Gechev & Hille, 
2005). Phytotoxic responses were not reported within this literature sample, though plant species, 
growth stages, and both application frequency and methodology, were not consistent between 
trials. Despite inconsistencies between experimental methods, the literature provides limited 
evidence of positive plant growth responses after H2O2 applications. Whether this trend continues 
under daily, or repeated irrigation events using fertigation water containing H2O2 remains to be 
seen. 
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1.2 – Objectives 
Investigating the effects of H2O2 on common greenhouse crops required isolating the 
effects to different irrigation systems. Not all greenhouse crops are irrigated in the same manner, 
with the crop being grown dictating which irrigation system is used. Therefore, it is necessary to 
determine how irrigation methods influence phytotoxic responses as each technique will impart a 
different level of exposure to H2O2. This also increased the relevance to commercial growers, who 
in our local region of southwestern Ontario, irrigate crops with methods ranging from overhead 
spray to solution culture. The thesis presented here seeks to accurately, and in great detail, present 
the phytotoxic effects of H2O2 on various greenhouse crops commonly grown in Ontario by: 
i) Characterizing how daily foliar spray affected the visual quality of microgreen 
cotyledons and lettuce seedling leaves in order to establish H2O2 application thresholds 
ii) Evaluating whole plant growth of ‘Picowell’ cucumber, ‘Maxifort’ tomato and ‘Little 
Gem’ lettuce cultivars grown in a nutrient solution containing H2O2 to determine H2O2 
threshold concentrations  
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1.3 – Methods 
The methodology in this chapter provides an overview for specific methods applied during 
the research conducted in chapters 2 and 3. For greater detail on these methods, please see the 
respective chapters. 
1.3.1 – Research basis 
 To establish a basis for research, an organic microgreen grower in southwestern Hamilton 
was consulted to find which aspects of production they would like to improve. The grower was 
interested in whether H2O2 was maintaining the quality of their irrigation water. Further, they 
wanted to know how H2O2 affected the marketability of their high quality organic crops. A brief 
literature review found the efficacy of H2O2 against human, and plant pathogens was well 
established. Little information was available however, on what impact this product has on 
greenhouse crops commonly found in Ontario greenhouses. Thus, two studies were established 
which emulated common production practices which incorporate H2O2 as a disinfectant in 
recirculated fertigation systems.  
1.3.2 – Foliar spray experiment 
 The organic microgreen grower employed a top down irrigation system, consisting of 
irrigation booms, throughout the greenhouse. Microgreen trays, and lettuce seedling plug trays, sat 
on greenhouse benches as irrigation booms passed approximately one foot over the canopy of the 
respective crop. Deionized water, into which H2O2 had been injected, was sprayed across the 
canopy until enough water had penetrated to ensure the soil underneath was thoroughly wetted and 
irrigation requirements for the given crop were satisfied. This irrigation trial was undertaken in a 
research greenhouse at the University of Guelph during April 2018.  
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 To emulate the production method, microgreen and lettuce trays were seeded by the grower 
and transported to the university. A backpack sprayer was used to apply a combination of deionized 
water and H2O2 on a daily basis to the pre seeded trays. Crops were allowed to grow until the 
appropriate harvest date for the microgreens, or transplant date for the lettuce crops. On the 
respective date, each crop was harvested and damage was assessed based on traits which made 
crops desirable to consumers. Statistical analysis detected when damage became significant, and 
this data was used to establish upper limit concentration thresholds. 
1.3.3 – Solution culture experiment 
 Hydroponic irrigation systems, similar to solution culture, are readily employed throughout 
southwestern Ontario to grow cucumbers, tomatoes and lettuce. However, the large rockwool slabs 
used in these systems limits assessment of root health. To overcome this obstacle, we grew plants 
in individual pots where roots hung in nutrient solutions augmented with H2O2. This established 
direct contact of roots with H2O2, and at harvest, both root, and above ground plant health could 
be assessed. It was necessary to investigate whole plant growth under the treatment regime as 
visible damage symptoms was limited to the roots. Significant differences in growth were used to 
establish concentrations threshold for tomato and lettuce crops. Cucumber plants required 
corroboration of visible root injuries with whole plant growth to establish usage thresholds. 
1.3.4 – Statistical analysis 
All statistical analysis in either experiment were conducted as a comparison of means after 
analysis of variance, Kruskal-Wallis tests or Chi-square tests of independence had been conducted. 
The Tukey’s HSD, Fisher’s LSD, and a comparison of contrasts generated from estimated 
marginal means were conducted as post-hoc tests for the analysis of variance, Kruskal-Wallis tests 
11 
 
and Chi-square tests of independence respectively. Kruskal-Wallis tests were performed on non-
normal data after transformations failed to adjust for non-normal distribution of the residuals. The 
Kruskal-Wallis test uses ranks to compare whether the median values between independent groups 
were significantly different. Differences in growth and harvest dates prevented means from being 
compared between species, but allowed for means to be compared within metrics of a given 
species. 
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2.1 – Summary. Hydrogen peroxide (H2O2) is an oxidizing agent used to disinfect recirculated 
irrigation water during the production of organic crops under controlled environmental systems 
(e.g. greenhouse). To characterize the phytotoxic effects and define a concentration threshold for 
H2O2, three microgreen species [arugula (Brassica eruca sativa), radish (Raphanus sativus) and 
sunflower (Helianthus annuus ‘Black Oil’)], and three lettuce (Lactuca sativa) cultivars; Othilie, 
Xandra, and Rouxai, were foliar sprayed once daily with water containing: 0, 25, 50, 75, 100, 125, 
150, or 200 mg⸱L-1 of H2O2 from seed to harvest under greenhouse conditions. Leaf damage was 
assessed at harvest using two distinct methods; i) the percentage of damaged leaves per tray, and 
ii) a damage index (DI). Applied H2O2 concentrations, starting from 25 mg⸱L-1, increased the 
percentage of damaged leaves in every species except ‘Black Oil’ sunflower, which remained 
unaffected by any applied concentration. Symptoms of leaf damage manifested in similar patterns 
on the surface of microgreen cotyledons and lettuce leaves, while mean DI values, and extent of 
damage, were unique to each crop. Fresh weights, dry weights and leaf areas, of all crops, were 
not significantly affected by daily H2O2 spray. Identifying how foliar H2O2 damage manifests 
throughout the crop, as well at individual cotyledon or leaf surfaces, is necessary to establish an 
upper concentration threshold for H2O2 use. Based on the aforementioned metrics, maximum 
recommended concentrations were: 150 mg⸱L-1 (radish), 100 mg⸱L-1 (arugula) for microgreens and 
125 mg⸱L-1 (‘Othilie’), 75 mg⸱L-1 (‘Rouxai’) and 125 mg⸱L-1 (‘Xandra’) lettuce.  
14 
 
2.2 – Introduction. Reusing nutrient solution provides a unique, but challenging prospect within 
organic greenhouse production due to the restricted number of available pathogen control products. 
Oxidizing agents, such as ozone, peracetic acid or H2O2, organic acids like citric or lactic acids 
and chlorine dioxide are approved for Canadian greenhouse production systems (Government of 
Canada, 2018). While the mode of action varies amongst products, all provide varying degrees of 
pathogen control based on the initial concentration, and water quality of the nutrient solution 
(Raudales et al., 2014a). When choosing a disinfectant, the cost of H2O2 is significantly less than 
that of ozone or chlorine dioxide due to the lack of specialized equipment required for use 
(Raudales et al., 2014b).  
In solution, H2O2 readily breaks down to hydroxyl radicals (OH
-) and oxygen, making it 
an ideal component of any ‘green’ chemistry program (Carrasco and Urrestarazu, 2010). The 
generation of OH- from H2O2 provides direct control over pathogens and algae within irrigation 
water, though applied concentrations, and contact periods varied between trials (Baldry, 1983; 
Bosmans et al., 2016; Raudales et al., 2014a; Runia, 1995; Vanninen and Koskula, 1998; Van wyk, 
2012). H2O2 concentrations as low as 37 mg⸱L-1 for 15 min (Elmer, 2008) and as high as 200 mg⸱L-
1 for 24 h (Ehret, 2001) have been found to provide similar levels of control for Fusarium sp. in 
deionized water. Exposure to 400 ppm of H2O2 for 60 minutes removed 99.97% of tomato mosaic 
(Tobamovirus) virus cells, while exposure to 100 ppm for 5 minutes eliminated Fusarium 
oxysporum conidia (Runia, 1995). Within a greenhouse irrigation system, 100 ppm of H2O2 
reduced free-living, and biofilm-associated rhizogenic Agrobacterium by 3.7 log CFU⸱mL-1 and 
3.5 log CFU⸱mL-1 respectively, after 72 hours of exposure (Bosmans et al, 2016). Against 
nematodes, application of 400 ppm for 24-h eliminated burrowing nematode (Radopholus similis) 
within recirculated irrigation water (Runia and Amsing, 1996). These rates support manufacturer 
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recommended concentrations, of either stabilized, or pure H2O2 products, for disinfecting plant 
pathogens found in irrigation water (Raudales et al., 2014a).  
Improving pathogen control at recommended rates requires the maintenance of relatively 
stable concentrations of H2O2 which is better achieved through repeated dosing of irrigation water, 
rather than an increase in disinfectant concentration (Copes, 2009).  Once daily injections of 30 
ppm H2O2 decreased the number of hairy root disease infested tomato plants by 20% within a 
commercial irrigation circuit after 12 weeks (Bosmans et al, 2016). Similar effects were observed 
when H2O2 foliar spray applications increased, from one to five times per week, as both severity, 
and incidence, of Puccinia hemerocallidis were reduced on daylily leaves (Copes, 2009). 
Consistent dosing of water with H2O2 leads to the exposure of crops to H2O2 during irrigation 
events, and brings the potential for a phytotoxic response if excessive concentrations are circulated.  
Exposure of crops to H2O2 is directly based on the employed irrigation method. Overhead 
irrigation, using spray nozzles attached to automated booms, is employed for production of 
microgreens, and lettuce, within southwestern Ontario, Canada. Microgreens, seeded in shallow 
trays onto the growing substrate, utilize overhead irrigation to achieve even watering across the 
tray surface. These types of irrigation techniques result in exposure to H2O2 as water is sprayed 
directly onto the foliage of the crop during each irrigation event. With microgreens being harvested 
anywhere from 6 to 21 d after seeding, any phytotoxic symptoms from H2O2 usage would manifest 
rapidly, as these young crops have not hardened against environmental stressors (Viršilė and 
Sirtautas, 2013).  
Evaluating the phytotoxic potential of H2O2 yielded surprisingly limited research 
concerning damage from foliar spray applications. Alfalfa sprouts, foliar sprayed with H2O2 
concentrations from 200 to 1000 mg⸱L-1 via a misting head, experienced no leaf damage or 
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decrease in growth (Fett, 2002). In contrast, H2O2 phytotoxic effects were reported at 
concentrations as low as 9 and 12 mg⸱L-1, when applied every 6 h, resulting in the yellowing of 
radish (Raphanus sativus) and garden cress (Lepidium sativum) (Cooseman, 1995). Lettuce 
seedlings exposed to 8 mg⸱L-1 H2O2 for 24 h experienced a decrease in growth, while application 
of 85 mg⸱L-1 over 24 h resulted in seedling death (Nederhoff, 2000). Exposure to 500 mg⸱L-1 was 
reportedly harmful to plant roots, though application methodology and species information were 
withheld (Van Os, 1999). Within the listed studies, neither the volumes of applied irrigation water, 
nor the degree of phytotoxicity respective to the given plant species, were reported. However, 
phytotoxicity in the form of leaf senescence has been described in nursery crops exposed to 3.4 to 
10 g⸱L-1 after one to three foliar applications of H2O2 (Copes, 2003). These studies highlight the 
requirement of research to accurately characterize the degree of H2O2 phytotoxicity displayed by 
plants after repeated foliar applications of irrigation water augmented with H2O2. Further, they 
provide a framework for concentrations at which H2O2 may cause phytotoxic effects on young 
crops grown under greenhouse conditions.  
This study was conducted to identify how organic microgreens and lettuce plug (21d) crops 
respond to daily foliar spray with H2O2 at concentrations commonly used to control plant 
pathogens within irrigation water. The results were used to assess an upper threshold at which 
H2O2 can be applied to these crops without a reduction in market quality and physiological growth. 
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Figure 1. Arugula (Brassica eruca sativa) and sunflower (Helianthus annuus ‘Black Oil’) 
microgreen clusters within the greenhouse 
 
2.3 – Materials and Methods 
2.3.1 – Plant materials. On 20 Mar. 2018, 72 compostable trays made of post-consumer paper 
products (The HC Companies, OH, U.S.A) were seeded with one of three organic certified 
microgreen species (arugula, radish and ‘Black Oil’ sunflower (Mumm’s Sprouting Seeds, SK, 
Canada)) and eight 72 cell plastic lettuce plug trays (A.M.A Plastics ltd., Kingsville, ON, Canada) 
were seeded with three lettuce cultivars; Othilie, Xandra, Rouxai (RZH Canada ltd., Leamington, 
ON, Canada), in each plug, by a local organic greenhouse grower (Hamilton, ON, Canada). Two 
peat-based substrates (Fafard et Freres, ltd., Saint-Bonaventure, QC, Canada) were utilized, each 
of which consisted of a proprietary blend of peat, organic compost and granular fertilizer tailored 
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for either microgreens or lettuce respectively. Lettuce and microgreen trays were machine filled 
with the required substrate Microgreen seeds were then sown directly onto the substrate surface in 
the following quantities: arugula at 3.3 g/tray, radish at 21 g/tray and ‘Black Oil’ sunflower at 94 
g/tray. Microgreen and lettuce seeds were then covered in a thin layer of coconut coir (Projar, 
Valencia, Spain). Immediately after sowing, trays were transported less than one hour from the 
commercial greenhouse to the University of Guelph (Guelph, ON, Canada; lat. 43⁰33’ N, long. 
80⁰15’ W) and stored in a 4 ⁰C cold room for 48 h prior to the trial start.  
2.3.2 – Growing conditions. The trial took place at the University of Guelph research greenhouses 
and was conducted from 22 Mar. 2018 through 12 Apr. 2018 (21 d). Over the course of the trial, 
air temperature inside the greenhouse averaged 20.1⁰C, and the relative humidity averaged 43.1%. 
Only natural lighting was provided over the course of the trial period. 
2.3.3 – Experimental setup. Each microgreen tray (1250 cm2) was divided into two experimental 
units (625 cm2) using a movable plastic shield (25 × 12.5 × 20 cm) to allow for the application of 
two separate treatments per tray. The 72 cell lettuce plug trays were cut into six experimental units, 
consisting of 12 plugs each. Lettuce experimental units each received a single treatment and were 
separated during treatment application by the aforementioned shield to prevent spray drift. 
Individual species of microgreens were grouped together to form three segregated clusters on the 
bench surface. Lettuce plugs were also placed adjacent to one another in a fourth cluster of crops. 
This increased irrigation uniformity, and reduced the required bench space within the greenhouse. 
Treatments were applied to each cluster using a completely randomized design created with the 
agricolae package in R (version 3.50; The R Foundation for Statistical Computing, Vienna, 
Austria). Each of the eight treatments was replicated six times, resulting in 48 experimental units 
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per microgreen species and the lettuce plugs. Experimental units were rotated within a cluster 
every 3-d using a randomized design. 
2.3.4 – Hydrogen peroxide treatment. Plants were foliar sprayed daily with one of the following 
freshly made solutions (with deionized water) [0 (Control), 25, 50, 75, 100, 125, 150 and 200 
mg⸱L-1] of H2O2. The H2O2 solutions were diluted from a 3% (w/w) stock solution maintained 
using a 34.5% (w/w) barrel (Anchem Ltd, London, ON, Canada). The 3% (w/w) solution was 
replaced every 7-d. All H2O2 solutions were stored in a 4 
⁰C cooler to prevent chemical 
decomposition. Each H2O2 solution was tested using titration with potassium permanganate as 
outlined in Klassen et al. (1994).  
2.3.5 – Treatment protocol. Treatments began on 22 Mar. 2018 for lettuce plugs, 23 Mar. 2018 for 
radish, 23 Mar. 2018 for arugula, and 24 Mar. 2018 for ‘Black Oil’ sunflower to stagger harvest 
dates. Lettuce plugs received 300 mL of solution on the first day, and 109 mL each subsequent 
day until harvest. All microgreen species received 750 mL of solution on the first day. On 
subsequent days until harvest, radish and arugula received 150 mL of solution, while ‘Black Oil’ 
sunflower received 266 mL of solution. A 4-gal backpack sprayer (61900-1; Chapin International 
Inc, Batavia, NY, USA) with a 29-psi control flow valve (Chapin International) attached to an 
adjustable cone nozzle was used to foliar apply all treatment solutions. Treatments were applied 
between 20 and 40 psi, and monitored with a pressure gauge attached to the handle to mimic 
commercial growing techniques. Treatment was applied once per day, regardless of the crop, and 
this also provided adequate irrigation to each crop. 
Harvest Protocols 
2.3.6 – Assessment of the percentage of damaged leaves. The percentage of damaged leaves was 
determined using the same methodology for each microgreen species. A cylindrical core, 
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consisting of a hollow tube (19.6 cm2), was used for sampling after 6 d for radish, 11 d for arugula, 
and 12 d for ‘Black Oil’ sunflower. Microgreens were harvested upon the emergence of true leaves. 
To avoid edge effects, cores were sampled within a one inch border around the edge of each 
experimental unit. The core was pushed through the canopy and into the substrate at three random 
locations within said border. Microgreens and roots, with attached substrate, were removed from 
the tray and placed onto a plastic plate. The number of damaged cotyledons, and the total number 
of cotyledons were counted and recorded separately for each core sample. A cotyledon was 
considered damaged if any part of the leaf surface was degraded by H2O2 without discriminating 
the degree to which damage had occurred. Leaf counts (damaged or total number) were pooled for 
the three sampled locations, and the number of damaged leaves was divided by total number of 
leaves to calculate a single proportion for each replicate. Proportions of damaged leaves were 
averaged across the six replicates per H2O2 treatment to generate the percentages displayed in Fig. 
1. For the lettuce, after 21 d, three lettuce plugs were sampled per tray and the number of damaged 
and total number of leaves were counted on a per plug basis. This followed the commercial 
production practice where after three weeks (21 d), plugs are transplanted to larger pots. Leaf 
counts were pooled across the three sampled plugs per replicate and the number of damaged leaves 
divided by the total number of leaves to generate a single proportion per replicate. The proportions 
were then averaged across the six replicates per treatment level to produce the percentages 
presented in Fig. 1. Only plugs in which all three lettuce cultivars had sprouted were sampled and 
leaves from all three lettuce cultivars were counted individually. 
2.3.7 – Evaluation of leaves using the DI. For each replicate, regardless of the given crop, 10 leaves 
were randomly harvested between the three microgreen cores or three lettuce plugs previously 
used to determine the percentage of damaged leaves. Upon visual inspection of the sampled leaves, 
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H2O2 damage was consistent across the affected crops and fell into five distinct categories. The 
damage categories are outlined in Table 1. Each of the 10 sampled leaves was assigned a value 
from Table 1 in order to qualitatively assess damage on the leaf surface. Values from the 10 
sampled leaves were pooled across the six replicates within each treatment level and averaged per 
treatment to generate the values presented in Fig 2. Harvested leaves were kept with their original 
cores or plugs in order to be included within growth measurements.   
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DI value  Appearance of leaf surface 
0 No degradation of leaf cuticle at any location on leaf surface. 
1 Formation of small spots or areas on, or just inside, the outer edges of the 
leaf surface. Damaged spots appear as darkened areas against the leaf 
background. 
2 Progression in location and size of damaged spots or areas from outer leaf 
edges onto inner leaf surfaces. Damaged spots or areas may begin browning 
slightly. 
3 Formation of a “band” of damaged spots or single larger area between the 
outer edges of the leaf surface progressing towards base of leaf. Spots or 
areas may be turning slightly brown or necrotic. 
4 Damage has advanced down towards the petiole of the leaf beyond the 
estimated central point of the leaf. Spots or damaged areas may be necrotic. 
 
Table 1. Damage Index (DI) used to assign qualitative values to each microgreen species (radish, 
arugula, and ‘Black Oil’ sunflower) species and lettuce cultivars (Othilie, Rouxai, Xandra). Values 
represent the types of damage which emerged on cotyledons or leaves after daily foliar spray with 
one of eight concentrations [0, 25, 50, 75, 100, 125, 150, or 200 mg⸱L-1] of hydrogen peroxide. 
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2.3.8 – Growth parameters. Fresh weights for microgreen species were collected on a per replicate 
basis by harvesting whole plants at a height of 0.5 inch above the substrate surface from the same 
three cores sampled for the percentage of damaged leaves. Growth measurements began 
immediately after DI values assessment to limit wilting. One fresh weight was recorded per 
replicate utilizing all plants from the three sampled cores. Leaf area was recorded by selecting 10 
random plants used for fresh weight from each replicate and removing the cotyledons at the petiole. 
20 individual cotyledons were passed through a leaf area meter (LI-300; LI-COR Inc, Lincoln, 
NE) and a single value in square centimeters was recorded per replicate. All cut cotyledons, their 
petioles and stems, were gathered with other fresh cut plants of the same replicate before being 
placed into labelled paper bags. The bags were then left in a drying oven at 80 ⁰C for 3 d until a 
consistent weight was reached and one dry weight per replicate was recorded. Fresh weights, dry 
weights and leaf areas were averaged across the six replicates to generate the values in Table 2. 
Previously sampled plugs for the three lettuce cultivars; Othilie, Rouxai, and Xandra, had 
all leaves harvested at the soil line, and were separated by cultivar for weighing. All leaves of a 
single cultivar from the sampled plugs were pooled together such that one fresh weight value was 
recorded for each replicate. The same leaves were then passed through the leaf area meter and a 
single leaf area in square centimeters was recorded per replicate. Leaves were then placed into 
paper bags and inserted into an 80 ⁰C drying oven for 3 d until they reached a consistent weight. A 
single dry weight for each replicate was recorded. These steps were repeated for the remaining two 
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lettuce cultivars and data was averaged across the six replicates to produce the values under each 
treatment level in Table 2. 
 
 
 
Table 2. Fresh weights, dry weights and leaf areas for three microgreen species (arugula, 
radish and ‘Black Oil’ sunflower) and three lettuce cultivars (Othilie, Rouxai, and Xandra) 
after daily foliar spray treatment with eight concentrations of hydrogen peroxide [0, 25, 
50, 75, 100, 125, 150, or 200 mg⸱L-1]. 
Crop Fresh wt (g)y Dry wt (g)y Leaf area (cm2)x 
Microgreen 
Species 
   
Radish 10.8±0.240z 0.82±0.013 23±0.5 
Arugula 7.4±0.089 0.41±0.006 16±0.3 
‘Black Oil’ 20.2±0.390 1.57±0.033 33±0.4 
Lettuce 
Cultivars 
   
Othilie 0.74±0.010 0.17±0.003 23±0.5 
Rouxai 0.71±0.010 0.20±0.003 31±0.4 
Xandra 0.61±0.007 0.15±0.003 22±0.3 
zData values are mean ± SE of the 48 sampled data points pooled for individual crops after 
no treatment effects were detected using analysis of variance in R (version 3.50). 
y1 g = 0.0353 oz 
x1 cm2 = 0.1550 inch2 
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2.3.9 – Statistical analysis. For the percentage of damaged leaves per tray, chi-square test of 
independence was performed to detect whether there were treatment effects between treatment 
levels. If treatment effects were significant (P ≤ 0.05), contrasts were generated between treatments 
using estimated marginal means to evaluate differences as part of the emmeans package in R 
(version 3.50). For DI values, a Kruskal-Wallis test was performed to detect whether there were 
treatment effects. When treatment effects were detected, a multiple comparisons of means (P ≤ 
0.05) was conducted using a Fisher least squares difference test as part of the agricolae package 
in R. Growth parameters were analyzed using analysis of variance from the agricolae package in 
R. 
2.4 – Results 
2.4.1 – Visible damage. H2O2 phytotoxic symptoms manifested in similar patterns, though the 
appearance differed, for the two microgreen species and three lettuce cultivars affected by the 
applied treatments (Table 1); ‘Black Oil’ sunflower was unaffected by any H2O2 treatment. Lettuce 
leaf damage manifested as circular shaped areas regardless of the assigned DI value. As H2O2 
damage increased, the three lettuce cultivars exhibited necrotic browning, though this remained 
difficult to distinguish against the background leaf colour. Affected areas on microgreen 
cotyledons continuously darkened against surrounding cotyledon tissue color as DI values rose. 
Damaged areas appeared “wet” on the cotyledons and manifested in irregular shapes when 
compared to the lettuce cultivars. The visibility of H2O2 damage varied between the six crops, with 
damaged areas on ‘Rouxai’ (Fig. 4) lettuce being most visible against the dark red plant tissue. 
Damaged areas on ‘Othilie’ (Fig. 3) leaves were the least visible of any crop, with H2O2 damage 
providing little contrast against light green leaf tissue. Visibility of leaf damage, in the remaining 
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crops, decreased in the following order: radish (Fig. 1), arugula (Fig. 2) and ‘Xandra’ (Fig. 5) 
lettuce. 
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Figure 2. Radish (Raphanus sativus) damage index examples after 6 d of foliar spray with irrigation water containing H2O2 
Figure 3. Arugula (Brassica eruca sativa) damage index examples after 11 d of foliar spray with irrigation water containing H2O2  
28 
 
 
 
 
Figure 4. ‘Othilie’ lettuce (Lactuca sativa) damage index examples after 21 d of foliar spray with irrigation water containing H2O2 
Figure 5. ‘Rouxai’ lettuce (Lactucs sativa) damage index examples after 21 d of foliar spray with irrigation water containing H2O2 
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Figure 6. ‘Xandra’ lettuce (Lactuca sativa) damage index examples after 21 d of foliar spray with irrigation water containing H2O2  
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2.4.2 – Percentage of damaged Leaves. The percentage of damaged leaves described the extent of 
visible damage for microgreen species or lettuce cultivars. The control (0 mg⸱L-1) caused no 
damage to any crop, and maximum damage occurred at 200 mg⸱L-1 for the affected species. In all 
species and cultivars, except for ‘Black Oil’ sunflower, all H2O2 treatments showed a significant 
increase in damage compared to the control, although the percentage varied extensively (Fig. 6). 
Radish was least affected, with leaf damage reaching a maximum of 8.1% (Fig. 6A). ‘Othilie’ and 
‘Rouxai’ lettuce were most affected by H2O2 treatment and reached maximum damage values of 
57% (Fig. 6C) and 51% (Fig. 6D) respectively. Maximum damage to arugula, 41% (Fig. 6B), and 
‘Xandra’ lettuce, 29% (Fig. 6E), fell between that found for radish and ‘Rouxai’ lettuce. Percentage 
of leaf damage to four of the six crops (radish, arugula, ‘Othilie’ and ’Xandra’ lettuce) did not 
differ significantly between 50 and 100 mg⸱L-1 of H2O2 treatment. Damage to ‘Rouxai’ (Fig. 6D) 
was found to increase significantly between 50 and 100 mg⸱L-1 of H2O2 treatment. Increasing 
concentration from 100 to 150 mg⸱L-1 resulted in an almost doubling of the percentage of damaged 
leaves for the affected crops (Fig. 6) other than radish. 
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Figure 7. Percentage of damaged leaves for two microgreen species (arugula, radish) and three 
lettuce cultivars (Othilie, Rouxai, Xandra) after daily foliar spray with one of eight hydrogen 
peroxide concentrations [0, 25, 50, 75, 100, 125, 150, or 200 mg⸱L-1]. Percentages were 
generated by dividing the pooled values for the total number of leaves by the number of damaged 
leaves within three cores (19.63 cm2, 3 inch2) or three lettuce plugs sampled from each replicate. 
Each core, or plug, represented a subsample, and each bar represents the mean of six replicates 
(three subsamples per replicate) ± SE of the mean. Percentages were generated by crop for (A) 
radish, (B) arugula, (C) ‘Othilie’, (D) ‘Rouxai’, and (E) ‘Xandra’. Bars bearing the same letter 
within the same species or cultivar were not significantly different (P≤0.05) by chi-square test of 
independence. 
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2.4.3 – Damage index.  DI values manifested in similar patterns at lower concentrations of H2O2, 
and maximum DI values occurred at 200 mg⸱L-1 for all affected crops. Treatment with 50 mg⸱L-1 
of H2O2 caused a significant increase in mean DI value compared to the control for radish (Fig. 
7A), arugula (Fig. 7B), ‘Othilie’ (Fig. 7C) and ‘Rouxai’ (Fig. 7D) lettuce. Damage to ‘Xandra’ 
(Fig. 7E) lettuce was significantly greater than the control when treated with 100 mg⸱L-1 or greater 
of H2O2. Arugula was the only tested crop to record a mean DI > 1.0 at 100 (DI 1.03), 150 (DI 
1.5), and 200 (DI 1.9) mg⸱L-1 (Fig. 7B), though mean values remained below DI 2. DI 3 and 4 
values were seldom assigned to arugula cotyledons (data not shown), and arugula DI values were 
not significantly different when H2O2 concentration increased from 75 to 125 mg⸱L-1. Similar to 
arugula, ‘Othilie’ and ‘Rouxai’ lettuce leaves were assigned few DI 3 and DI 4 values (data not 
shown), reaching maximum values of 0.88 (Fig. 7C) and 0.94 (Fig. 7D) respectively. Mean DI 
values for ‘Rouxai’ lettuce were significantly different between 75 and 100 mg⸱L-1 (Fig. 7D) 
treatments. In contrast, significant differences in DI values were found for ‘Othilie’ lettuce treated 
with 100 and 125 mg⸱L-1 (Fig. 7C) of H2O2. Radish DI values did not differ significantly as H2O2 
concentration increased from 100 to 200 mg⸱L-1, reaching a maximum DI value of 0.53 (Fig. 7A). 
Radish, ‘Othilie’, and ‘Rouxai’ lettuce surpassed the ‘Xandra’ lettuce maximum DI value of 0.32 
(Fig. 7E) at the 125 mg⸱L-1 treatment level. Similar to the percentage of damaged leaves, a change 
in concentration from 100 to 150 mg⸱L-1 resulted mean DI values almost doubling (Fig. 7) for all 
affected crops other than radish. 
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Figure 8. Average Damage Index (DI) values for two microgreen species (radish, arugula) and 
three lettuce cultivars (Othilie, Rouxai, Xandra) after daily foliar spray with one of eight 
concentrations of hydrogen peroxide [0, 25, 50, 75, 100, 125, 150, or 200 mg⸱L-1]. DI values 
were generated by assigning sampled leaves to the categories in Table 1. DI values were 
generated by crop for (A) radish, (B) arugula, (C) ‘Othilie’, (D) ‘Rouxai’, and (E) ‘Xandra’. For 
each replicate, 10 leaves were randomly selected from three microgreen cores (19.63 cm2, 3 
inch2), or three lettuce plugs, and each leaf was assigned to a category based on the observed 
damage. The assigned DI values were pooled across the six replicates so that each bar represents 
the mean of six replicates ± SE of the mean. Bars bearing the same letter within the same species 
or cultivar were not significantly different (P≤0.05) by the Kruskal-Wallis test. 
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2.4.4 – Growth. For any of the crops in the trial, applications of H2O2 were found to have no 
significant effect on growth when fresh weights, dry weights and leaf areas were analyzed using a 
completely randomized design ANOVA. Thus, growth data for individual microgreen species and 
lettuce cultivars was pooled across all treatments for each metric and presented in Table 2. 
2.5 – Discussion  
Results from this study demonstrate how daily foliar application of irrigation water 
containing low concentrations of H2O2 induce a phytotoxic response for various crops. Foliar 
damage was unique to each affected crop (Fig. 6A–E), and ‘Black Oil’ sunflower remained 
unaffected at any of the tested H2O2 concentrations. Phytotoxic symptoms of H2O2 were visible 
over the treatment range of 25 to 200 mg⸱L-1 and manifested in similar patterns between affected 
crops (Table 1). However, leaf area, fresh and dry weights did not differ between H2O2 treatments 
for individual microgreen species or lettuce cultivars. 
Previous research reported growth benefits when evaluating H2O2 foliar spray applications 
at concentrations similar to those in this experiment (Aftab et al., 2011; Ahmad et al., 2014). 
Within these studies, H2O2 was applied over an extended time frame as compared to the current 
trial. We did not observe an increase in any growth parameter under the tested conditions which 
suggested that, at low concentrations, daily foliar spray with H2O2 will not hinder crop growth, 
despite the appearance of leaf damage. However, the short microgreen growth cycle limited 
interpretation regarding how daily H2O2 foliar spray affects plant growth over longer time frames. 
We suspect daily applications overwhelm the antioxidant enzymes which maintain a tight 
concentration range of H2O2 utilized for cellular signalling processes beneficial to plant growth 
(Neill et al., 2002; Petrov and Van Breusegem, 2012). Our findings indicate growth parameters 
should not be relied upon to develop an H2O2 usage threshold at the applied concentrations under  
35 
 
a foliar spray regime. Instead, the severity of foliar phytotoxicity provided an improved estimate 
of the threshold for daily applications of H2O2. 
Symptoms of H2O2 phytotoxicity, displayed in Table 1, progressed from the outer edges to 
the centre of the leaf surface. Using this knowledge, we consulted a professional greenhouse 
grower (Hamilton, ON, Canada) to identify when damaged leaves were no longer marketable to 
consumers. Previous consumer testing, which determined preference for microgreen and lettuce 
consumption increased with leaf quality and other desirable sensory attributes, further contributed 
to this decision (Ares et al., 2008; Xiao et al., 2015). The DI and percentage of damaged leaves 
were found to accurately characterize H2O2 phytotoxicity based on these recommendations. DI 3 
and 4 values were identified as being undesirable to consumers within our study, though these 
were well defined only for radish (Fig. 1) and ‘Rouxai’ (Fig. 4) crops. DI 4 values were easily 
identified for arugula (Fig. 2), ‘Othilie’ (Fig. 3), and ‘Xandra’ (Fig. 5) crops, while DI 3 damage 
may be misidentified as DI 2 damage without careful inspection. DI 1 or 2 leaf damage retained a 
similar colour intensity to the leaf background for arugula (Fig. 2), ‘Othilie’ (Fig. 3), and ‘Xandra’ 
(Fig. 5) crops, but were distinctive for radish (Fig. 1) and ‘Rouxai’ (Fig. 2). The variability in DI 
values suggests an opportunity exists to misidentify DI 1 or 2 as compared to DI 3 or 4 values 
when investigating H2O2 damage amongst multiple crops. Further, computer software, normally 
used to quantify foliar damage (Graham et al, 2009; James, 1971), could not be applied as H2O2 
damage was not distinctive enough to be recognized by software for any of the affected crops. 
Quantifying the percentage of damaged leaves per tray, along with the DI of individual leaves, 
provides a more accurate measure of H2O2 leaf damage. 
The small leaf size of microgreens and lettuce seedlings dictates a time consuming process 
to inspect individual leaves for H2O2 damage. As the majority of affected crops recorded a mean 
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DI > 1.0, widespread foliar phytotoxicity from H2O2 spray better characterized excessive H2O2 
concentrations. Large quantities of leaves, assigned DI ≥ 1, were readily observable with the naked 
eye, providing growers a method to rapidly diagnose foliar H2O2 damage. As H2O2 concentration 
rose, leaves labelled DI 1 or 2 increasingly grouped together on the tray surface to provide an 
additional visual indicator of foliar phytotoxicity. Low damage rates, such as was found in radish, 
may limit the applicability of this tactic, as damaged leaves appeared sporadically throughout 
sampled cores. Despite this, leaf damage in all affected crops increased with concentration from 
25 to 200 mg⸱L-1 similar to the DI.  
Variability in leaf damage between the tested species made developing a single threshold 
for H2O2 use difficult. The phytotoxic response to H2O2 foliar spray was focused on the outer leaf 
edges as mean DI values were relatively consistent, and the maximum percentage of damaged 
leaves varied from <10% for radish (Fig. 6A) to >50% for both ‘Othilie’ (Fig. 1C) and ‘Rouxai’ 
(Fig. 1D). Based on this, the commercial value of affected microgreen species or lettuce cultivars 
was not diminished by treatment with 50 mg⸱L-1 for any of the crops. However, as both the 
percentage of damaged leaves and DI values doubled when the H2O2 concentration increased from 
100 to 150 mg⸱L-1, a conservative estimate for H2O2 use may be required to limit potential crop 
losses when using this product. Crops with thicker leaves appear to be less affected by foliar spray, 
as suggested by the observed response of ‘Black Oil’ sunflower here. The degree to which H2O2 
penetrates the leaf cuticle remains unknown and may shed light on why ‘Black Oil’ sunflower was 
unaffected by H2O2 foliar spray. 
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2.6 – Conclusion 
Each crop in this study exhibited a distinctive response to foliar applications of H2O2 and 
thus required a unique threshold. For the described methodology, we recommend maximum H-
2O2 concentrations as follows: radish at 150 mg⸱L-1, arugula at 100 mg⸱L-1, ‘Othilie’ at 125 
mg⸱L-1, ‘Rouxai’ at 75 mg⸱L-1 and ‘Xandra’ at 125 mg⸱L-1. Beyond these treatment 
concentrations, we found leaf damage advanced rapidly whilst becoming more easily visible to 
growers, and potentially consumers. Further, these concentrations will not cause a decrease in the 
physical growth of microgreen species or lettuce cultivars, a key aspect of marketing these high 
value crops. Future studies should focus on continued phytotoxicity trials using the guidelines we 
have provided as it is evident that each crop type will exhibit a unique response to daily 
applications of H2O2.  
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3.1 – Summary. Hydrogen peroxide (H2O2) used to sanitize irrigation water/nutrient solution in 
controlled environment (e.g. greenhouse) production comes into direct contact with plant roots in 
hydroponic systems. To determine maximum concentration thresholds for repeated H2O2 
applications, three common crops [cucumber (Cucumis sativus ‘Picowell’), tomato (Solanum 
lycopersicum ‘Maxifort’) and lettuce (Lactuca sativa ‘Little Gem’)] were grown in nutrient 
solution containing 0, 25, 50, 75, 100, 200, 300, or 400 mg⸱L-1 H2O2 over a 20 day period under 
greenhouse conditions. Assigning species specific criteria to establish H2O2 application thresholds 
captured the unique phytotoxic response of each crop. Criteria were assessed at harvest, and 
incorporated whole plant growth with observed visible injury symptoms. However, visible injury 
was limited to the roots of all three species. Roots of cucumber plants exhibited symptoms of 
severe H2O2 phytotoxicity not observed on roots of the other species. Unique to the tomato crop, 
H2O2 induced a significant decline in above ground growth at one concentration across the 
measured growth metrics. Criteria used to establish H2O2 concentration thresholds for lettuce were 
based on crop growth over a full production cycle, whereas cucumber and tomato were exposed 
to H2O2 for a relatively short time period over their respective production cycles. Following the 
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established criteria, maximum recommended concentrations were: 100 mg⸱L-1 for cucumber, 200 
mg⸱L-1 for tomato, and 300 mg⸱L-1 for lettuce. 
3.2 – Introduction. Hydrogen peroxide (H2O2) is a popular choice for disinfecting irrigation 
systems used in controlled environment (e.g. greenhouse) plant production. H2O2 provides a 
simple option for growers as it requires only an injector in combination with the chemical. 
Additional injectors can be employed to add H2O2 simultaneously at multiple points along the 
irrigation circuit. As H2O2 non-discriminately oxidizes cellular membranes and proteins upon 
contact, it provides control for a range of pathogens (Linley et al, 2012). However, the availability 
of H2O2 for this purpose is based directly on constituents of the water it is injected into (Stewart-
Wade, 2011). The H2O2 products, Zerotol, and X3, react with organic material, chemical 
fertilizers, and other constituents within irrigation water (Fisher et al, 2013). Residual H2O2 is 
available to react with pathogens in a concentration dependant manner.  
Residual H2O2 limits the spread of microorganisms at low concentrations over infrequent 
applications, though complete removal is seldom achieved. One time application of 5.1 mg⸱L-1 
H2O2 exhibited bacteriostatic activity in suspension tests against Pseudomonas aeruginosa, 
Streptococcus faecalis, and Staphylococcus aureus, while 25.5 mg⸱L-1 achieved similar effects for 
Klebsiella pneimoniae (Baldry, 1983). Significant reductions in catalase-negative and catalase-
positive Agrobacterium populations were recorded after single applications of 50 and 100 mg⸱L-1 
H2O2 respectively within greenhouse irrigation water (Bosmans et al, 2016). Tomato mosaic 
(Tobamovirus) virus cells were eliminated with 99.97% efficiency after a 60 min exposure period 
to 400 mg⸱L-1 (Runia 1995). As an algaecide, one treatment of 125 mg⸱L-1 H2O2 resulted in a 50% 
reduction on algal covered cubes (Vanninen and Koskula, 1998), while 7000 mg⸱L-1 H2O2 
completely removed algae and prevented regrowth on similar media (Caixeta et al, 2018). 
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However, injecting higher H2O2 concentrations may not be economically viable in the long term 
and is phytotoxic to crops. Instead, repeated dosing of irrigation water with H2O2 can be employed 
to maintain stable concentrations (Copes, 2009). The consistent presence of H2O2 in greenhouse 
irrigation water reduces the presence, and prevents establishment of pathogens similar to high 
potency shock treatments.  
Extending contact periods allows for effective pathogen control at lower concentrations. 
Within distilled water, Fusarium solani spores exposed to 50 mg⸱L-1 and 100 mg⸱L-1 H2O2 were 
reduced by 0.4 log CFU⸱mL-1, and 0.6 log CFU⸱mL-1, after 5 h of exposure (Sichel et al, 2009). In 
greenhouse irrigation water, free-living Agrobacterium exposed to 100 mg⸱L-1 H2O2 for 72 h was 
reduced by 3.7 log CFU⸱mL-1 (Bosmans et al, 2016). Fusarium circinatum propagules were 
eliminated from recirculated nursery irrigation water augmented with H2O2 to an oxidation-
reduction potential (ORP) of either 360 mV, or 400 mV after 6 h (Van Wyk et al, 2012). Control 
of burrowing nematodes (Radopholus similis) was achieved after exposure to 400 mg⸱L-1 H2O2 for 
24 h within recirculated irrigation water (Runia and Amsing, 1996). While efficient for pathogen 
control, maintaining residual H2O2 concentrations increases the contact period between H2O2 and 
irrigated crops. It has been previously found that H2O2 can induce a phytotoxic response on a crop 
specific basis when applied as a foliar spray (Eicher-Sodo et al, 2019). However, reliable data is 
not available concerning plant responses after H2O2 comes in direct contact with plant roots. 
In solution culture, roots are in direct contact with the nutrient solution and any H2O2 being 
used to disinfect said solution. This brings the potential to induce a phytotoxic response from H2O2 
which must be balanced with the need to maintain a clean water supply. Evaluating the literature 
provided limited information on how H2O2 affects plant roots. Pinus spp. exposed to H2O2 
augmented irrigation water with an ORP of 450 mV or greater achieved a 98 % mortality rate after 
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24 h (Van Wyk et al, 2012). Roots from an unlisted plant species were reportedly harmed by 
exposure to 500 mg ⸱ L-1 H2O2 (Van Os, 1999). Application of 50 mg⸱L-1 H2O2 induced an 
undefined phytotoxic response from tomato plants (Bosmans et al, 2016). However, for an unlisted 
plant species, older plants were capable of withstanding 50 mg⸱L-1 H2O2, while it was phytotoxic 
to seedlings of the same species (Coosemans, 1995). These studies highlight the requirement for 
detailed evaluation of the phytotoxic response of plants grown under continuous H2O2 exposure 
within solution culture. In the past, this type of work has been completed with peracetic acid (Vines 
et al, 2003), chlorine (Ehret, 2001), copper (Zheng et al, 2010), and ozone (Graham et al, 2012). 
Further, the concentrations listed above to control pathogens provide a framework for the amount 
of H2O2 desirable for use by growers.  
The objective of this study was therefore to investigate the upper concentration thresholds 
of H2O2 when applied directly to roots of various crop species including cucumber, tomato and 
lettuce plants grown in solution culture. To achieve this, we sought to characterize both visible 
injury symptoms, and growth effects, for these plant species under exposure to an identical H2O2 
treatment regime.  
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Figure 1. Tomato (Solanum lycopersicum ‘Maxifort’) crop cluster on a greenhouse bench. Each 
pot contains an individual plant and constitutes an experimental unit 
 
3.3 – Materials and Methods 
3.3.1 – Seedling growth. On 3 March 2019, 100 cucumber (Cucumis sativus ‘Picowell’), tomato 
(Solanum lycopersicum ‘Maxifort’) and lettuce (Lactuca sativa ‘Little Gem’) were seeded into 
rockwool cubes (16.4 cm3) pre-soaked for 48 h in tap water. Crops were top-irrigated with well 
water as needed until cotyledons fully emerged on at least 50% of plants. This same well water 
supplies the research greenhouses at the University of Guelph. After cotyledons emerged, a dilute 
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nutrient solution made up of water-soluble fertilizer (100 mg⸱L-1 N; 20-N-10P-20K Interior No 
Dye; Master Plant-Prod, Inc., Brampton ON, Canada), and well water, was used to irrigate 
cucumber for 11 d, and lettuce and tomato for 18 d. Thereafter, a full strength nutrient solution 
containing (in mg⸱L-1) 200 N, 43 P, 166 K, 1.5 Mg, 1 Fe, 0.5 Mn, Cu and Zn, 0.2 B, and 0.15 Mo, 
made up with the same fertilizer and water source, was provided for irrigation until the transplant 
date. The fertilizer chosen for this experiment is commonly used to provide a standard nutrient 
regime applicable to multiple greenhouse crops. The same full strength nutrient solution was 
provided to plants once transferred to pots for the remainder of the trial.  
3.3.2 – Experimental setup. On 21 March 2019 for cucumber, and 28 March 2019 for tomato and 
lettuce, rockwool cubes, containing uniform sized plants, were inserted into foam discs (123 cm2) 
with a hole slightly smaller than the rockwool cube removed. Forty plants from each species were 
chosen. Foam discs, with rockwool cubes, were then placed into pots (1.9L round container; Fisher 
Scientific, Ottawa, ON, Canada) containing 1.8 L of the full strength nutrient solution. Nutrient 
solutions were drained and replaced every 3 d until treatments began. An air stone was inserted 
into each pot to provide a constant supply of air containing 21% oxygen. Pots, containing plants, 
were spaced onto a bench in the research greenhouses at the University of Guelph (Guelph, ON, 
Canada; lat. 43⁰33’ N, long. 80⁰15’ W). Each crop was kept in a separate cluster on the greenhouse 
bench to avoid shading and maintain homogeneity. Border plants, of the same species, were 
initially placed around the experimental plants to encourage a homogenous growing environment. 
The greenhouse environment was maintained at day/night average temperatures of 24.6⁰C/20.1⁰C, 
while average day/night relative humidity were 57%/59%. Supplemental lighting was provided 
using high-pressure sodium light fixtures connected to an ARGUS (Argus Control Systems Ltd., 
Surrey, BC, Canada) control system. Lights were activated between the hours of 700 to 2200 each 
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day when photosynthetic activate radiation entering the greenhouse had declined to below 600 
μmol⸱m2⸱s-1. 
3.3.3 – Hydrogen peroxide treatment. Treatment with one of eight H2O2 concentrations [0 
(Control), 25, 50, 75, 100, 200, 300, 400 mg⸱L-1] in a full strength nutrient solution were applied 
to plant roots. Nutrient solution electrical conductivity and temperature averaged 2.65 mS⸱cm-2 
and 19⁰C respectively, while pH was adjusted to 6.2 using dilute phosphoric acid over the course 
of the experiment. The H2O2 solutions were diluted from a 3% (w/w) stock solution maintained 
using a 34.5% (w/w) barrel (Anchem Ltd, London, ON, Canada). All H2O2 solutions were stored 
in a 4⁰C cooler to prevent chemical decomposition. These H2O2 solutions were confirmed using 
titration with potassium permanganate as outlined in Klassen et al. (1994).  
3.3.4 – Hydrogen peroxide measurements. Applied H2O2 treatments of 100 and 400 mg⸱L-1 were 
measured for cucumber, tomato and lettuce species after 1, 6, 24 and 48 h upon application of the 
third H2O2 treatment. A 10 mL pipette was inserted through the pot lid into the root zone, and 20 
mL of nutrient solution was drawn from each of the five replicate plants per treatment level, for a 
total of 100 mL per treatment level. The 100 mL of solution was homogenized by shaking (~10 s), 
and measured via titration with potassium permanganate according to Klassen et al. (1994). This 
procedure was repeated for each of the three plant species. 
3.3.5 – Treatment protocol and experimental design. Treatment with H2O2 began on 29 March 
2019 for cucumber, and 5 April 2019 for tomato, and lettuce. On the respective starting dates, each 
plant was transplanted to a 1.9 L pot containing nutrient solution with the respective H2O2 
concentration. The nutrient solution was replaced with fresh solution containing the same H2O2 
concentrations every 5th day thereafter. Additional nutrient solution was added only if total volume 
had dropped to 50 % of the overall pot volume during each 5 d period. Treatments were assigned 
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as a completely randomized design using the agricolae package in R (version 3.50; The R 
Foundation for Statistical Computing, Vienna, Austria). Each H2O2 treatment was replicated five 
times per species. Treatments were applied over a 20 d period. Plants were rotated within their 
respective clusters on every 4th day to increasing the homogeneity of the growing environment. 
Harvest protocols 
3.3.6 – Aboveground Biomass. After four H2O2 applications, cucumber and tomato plants were 
harvested 24 h after the final H2O2 treatment. Lettuce plants were harvested 72 h after the final 
treatment application. For leaf area measurement, cucumber leaves were severed where the petiole 
attached to the base of the leaf, while tomato leaves were cut at each node such that the entire 
compound leaflet was measured. Lettuce leaves were harvested at the base of the plant. All leaves 
were harvested on each replicate plant, and passed through a leaf area meter (LI-300; LI-COR Inc, 
Lincoln, NE, United States of America) to measure total leaf area per plant. Once leaves were 
removed, tomato and cucumber stalks were cut where they emerged from the rockwool cube, and 
plant height was measured using an affixed measuring tape. Cut leaves and stalks were then 
weighed together to record a single fresh weight value per plant. Fresh biomass for each species 
was then dried at 80⁰C for 72 h to a consistent weight, before a single dry mass was recorded per 
plant. 
3.3.7 – Root Measurements. Root parameter measurements were taken immediately after the 
completion of aboveground biomass measurements and followed the same methodology for each 
species. The single longest root from all replicates was measured using an affixed measuring tape, 
and a single value per replicate was recorded. The whole root mass was then placed into a labelled 
paper bag and dried for 72 h at 80⁰C until a consistent weight was reached. After drying, all 
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protruding roots were removed from each rockwool cube using a razor blade, and weighed so that 
a single weight was recorded per plant. 
3.3.8 – Statistical Analysis. The following growth parameters were analyzed using analysis of 
variance from the agricolae package in R: root length, root dry mass, and both aboveground fresh 
and dry weights. The residuals for lettuce above ground dry weights were found to violate 
assumptions of normality and were log-transformed prior to completion of analysis of variance. 
Where treatment effects were significant (P ≤ 0.05), a multiple comparisons of means was 
conducted using Tukey’s Honest Significant Differences test. A Kruskal-Wallis test was 
performed for shoot lengths and leaf areas to detect whether there were treatment effects. Shoot 
length and leaf area residuals were decidedly not normal, and violated assumptions of normality 
after application of both log and square root transformations. When treatment effects were 
detected, a multiple comparisons of means (P ≤ 0.05) was conducted using a Fisher least squares 
difference test. 
 
3.4 – Results 
3.4.1 – Visible injuries.  
No signs of H2O2 injury were observed on the aboveground portion of any of the three 
tested crops. However, visible injuries were observed on roots grown in H2O2 concentration 
solutions which varied by species. The following will describe the injuries to each tested species. 
3.4.2 – Cucumber. Visible symptoms of cucumber roots exposed to H2O2 manifested primarily as 
a decrease in length and size of the root ball as H2O2 concentrations increased (Fig. 1). Damage 
symptoms were evaluated by eye by inspecting the replicates at each treatment level. Control plant 
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roots appeared spindly, translucent white in color, and with large numbers of lateral branches on 
each root. After application of 25 to 75 mg∙L-1 H2O2, roots became more solid white in color and 
the density of the root ball increased as greater numbers of roots emerged from the rockwool cube. 
Starting at 75 mg∙L-1 H2O2, root tips appeared bulbous at each treatment level. Applied H2O2 
treatments from 25 to 100 mg∙L-1 resulted in overall thicker roots than for other treatments. 
Decreases in root length became increasingly noticeable with H2O2 treatments above 75 mg∙L-1. 
Lateral branching decreased with any applied H2O2, as the remaining branches appearing stubby 
with little extension from the root surface for >100 mg∙L-1 H2O2 treatment. By 400 mg∙L-1 lateral 
branching was no longer visible. Treatment with 200 to 400 mg∙L-1 H2O2 appeared to cause 
degradation of cellular membranes as roots became slimy and stuck together. 
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Figure 2. Cucumber roots harvested on 13 Apr 2019 after four treatments with hydrogen peroxide at the listed concentrations  
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3.4.3 – Tomato. The H2O2 treatments had no effect on the color, or lateral branching, of tomato 
plant roots for concentrations <100 mg∙L-1 (Fig. 2). Roots appeared healthy, with lateral branching 
extending the length of roots. The length of the root ball also increased, as compared to the control, 
with up to 75 mg∙L-1 of H2O2 applied. Treatment with 100 and 200 mg∙L-1 H2O2 caused a decline 
in both the frequency, and length, of lateral branches along the root length. Further, at all treatments 
>75 mg∙L-1, roots appeared slightly darker than at lower treatments and volume of the root mass 
declined with increasing H2O2. Treatment with 200 to 400 mg∙L-1 H2O2 caused an increase in 
thickness of individual roots, which progressed upwards from the root tip towards the emergence 
point. Over this range, the density of the root ball declined more rapidly than at lower 
concentrations. Roots treated with 400 mg∙L-1 H2O2 appeared bleached, and the root ball was 
considerably smaller than roots for all other treatments. 
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Figure 3. Tomato root harvested on 20 Apr 2019 after four treatments with H2O2 at the listed concentrations 
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3.4.4 – Lettuce. Lettuce control plant roots had a high frequency of lateral branching down the 
entire length of the root (Fig. 3). Application of any H2O2 caused a decline in the frequency of 
lateral branching down the length of roots as concentrations increased. The volume of lettuce root 
mass increased from the control with 25 mg∙L-1 H2O2 treatment, and was influenced by both greater 
numbers, and longer roots, emerging from the rockwool cube. Root quality began to decline 
immediately thereafter. Treatment with 50 to 100 mg∙L-1 H2O2 caused browning of roots which 
intensified with increasing concentration. Over this treatment range, roots appeared thicker and 
lateral branching further declined as compared to the 0 and 25 mg∙L-1 treatments. The root ball was 
also smaller, though a few longer roots remained visible until 100 mg∙L-1 H2O2 treatment. After 
treatment with 200 mg∙L-1, roots appeared bleached in color, and the density of the root ball greatly 
declined compared to lower applied concentrations. Lateral roots emerged as small stubs at 200 
mg∙L-1, and had completely disappeared after treatment with 400 mg∙L-1. Roots at the highest H2O2 
treatments appeared thicker than those at all below H2O2 treatments. 
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Figure 4. Lettuce roots harvested on 22 Apr 2019 after four treatments of H2O2 at the listed concentrations 
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3.4.5 – Root growth. Significant differences in cucumber (Fig. 4A) root dry weights were not 
detected between any applied H2O2 treatments. The smallest dry weights for cucumber roots, 
recorded at 400 mg∙L-1 for all three crop species, were not significantly different from the 0 mg∙L-
1 treatment in any instance, but were significantly different from the highest root dry weights for 
tomato (Fig. 5A) and lettuce (Fig. 6A) crops. Repeated H2O2 treatments of 25 mg⸱L-1 evoked a 
significant increase in lettuce (Fig. 6A) root dry weights compared to the control. The highest root 
dry weights for cucumber (1.534 g), tomato (1.224 g), and lettuce (0.304 g) were found at 50, 75 
and 25 mg⸱L-1 H2O2 respectively. These concentrations differed for the longest root lengths of 
cucumber (24.7 cm; Fig. 4B), tomato (31.7 cm; Fig. 5B) and lettuce (25.7 cm; Fig. 6B) recorded 
at H2O2 treatments of 0, 100 and 25 mg⸱L-1 respectively. Root lengths differed significantly from 
the 0 mg∙L-1 with H2O2 treatments of ≥100 mg⸱L-1 in cucumber, 400 mg⸱L-1 in tomato, and ≥300 
mg⸱L-1 in lettuce. The shortest root lengths, recorded at 400 mg∙L-1 for all species, were always 
significantly different than the 0 mg⸱L-1 treatment.  
3.4.6 – Above-ground plant growth. The lowest fresh weights were always recorded at the 400 
mg⸱L-1 H2O2 treatment level, and were significantly different than the highest fresh weight values 
for each species. The highest fresh weights for cucumber (293.3 g; Fig. 4C), tomato (111.5 g; Fig. 
5C) and lettuce (98.5 g; Fig. 6C) crops were recorded at 50, 0 and 25 mg⸱L-1, respectively. 
Significant differences in tomato and lettuce plant fresh weights, as compared to the 0 mg⸱L-1, 
were detected after H2O2 treatments of ≥200 and ≥300 mg⸱L-1 respectively. Cucumber fresh 
weights (Fig. 4C) at the 0 mg⸱L-1 H2O2 treatment were not significantly different from any other 
H2O2 treatments, while significant differences in dry weights (Fig. 4D) were detected between 0 
and ≥300 mg⸱L-1 H2O2 treatments. Significant differences in dry weights were detected after H2O2 
treatments of ≥200 mg⸱L-1 in tomato (Fig. 5D), and 400 mg⸱L-1 in lettuce (Fig. 6E), as compared 
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to 0 mg⸱L-1 H2O2. The highest cucumber and lettuce plant dry weights, at 25 mg⸱L-1 H2O2, were 
significantly different from plants treated with ≥200 mg⸱L-1 of H2O2 for both species.  
The H2O2 treatments induced significant differences in the leaf areas of each species. The 
largest leaf area values for cucumber (4068 cm2; Fig. 4E), and lettuce (790 cm2; Fig. 6E), at 75 
and 25 mg⸱L-1 H2O2 respectively, were significantly different than smallest leaf area for both 
species. Lettuce plant leaf areas treated with ≥300 mg⸱L-1 H2O2 were significantly different than 
plants treated with ≤50 mg⸱L-1 H2O2. Treatment with 50 and 75 mg⸱L-1 H2O2 resulted in a 
significant increase in cucumber plant leaf areas compared to the 0 mg⸱L-1 H2O2 treatment, which 
was unique to the cucumber species. Tomato leaf areas (Fig. 5E) and plant heights (Fig. 5F) 
declined significantly after treatment with ≥200 mg⸱L-1 H2O2, as compared to their maximum 
values at 0 mg⸱L-1 H2O2. Cucumber plant heights (Fig. 4F) treated with 200 and 400 mg⸱L-1 H2O2 
were significantly different than the 0 mg∙L-1 treatment, and achieved maximum height at the 100 
mg⸱L-1 H2O2 treatment. 
 
56 
 
 
Figure 5. Plant growth metrics for ‘Picowell’ cucumber plants grown in nutrient solution with one 
of eight concentrations of hydrogen peroxide [0, 25, 50, 75, 100, 200, 300, 400 mg ∙ L-1]. Data are 
the mean of five replicates ± SE for A) root dry weight, B) root length, C) above ground fresh 
weight, D) above ground dry weight, E) leaf area, and F) plant height. Bars bearing the same letter 
within a metric were not significantly different at P ≤ 0.05 by analysis of variance or a Kruskal-
Wallis test 
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Figure 6. Plant growth metrics for ‘Maxifort’ tomato plants grown in nutrient solution with one of 
eight concentrations of hydrogen peroxide [0, 25, 50, 75, 100, 200, 300, 400 mg ∙ L-1]. Data are 
the mean of five replicates ± SE for A) root dry weight, B) root length, C) above ground fresh 
weight, D) above ground dry weight, E) leaf area, and F) plant height. Bars bearing the same letter 
within a metric were not significantly different at P ≤ 0.05 by analysis of variance or a Kruskal-
Wallis test 
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Figure 7. Plant growth metrics for ‘Little Gem’ lettuce plants grown in nutrient solution with one 
of eight concentrations of hydrogen peroxide [0, 25, 50, 75, 100, 200, 300, 400 mg ∙ L-1]. Data are 
the mean of five replicates ± SE for A) root dry weight, B) root length, C) above ground fresh 
weight, D) above ground dry weight, E) leaf area. Bars bearing the same letter within a metric 
were not significantly different at P ≤ 0.05 by analysis of variance or a Kruskal-Wallis test 
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3.4.7 – Hydrogen peroxide decomposition. Applied H2O2 decomposed in the nutrient solution in a 
concentration dependant manner. The 100 mg⸱L-1 H2O2 treatment was reduced by ≤50% within 
the first hour for all three species and completely removed from the system after 48 h. The 400 
mg⸱L-1 H2O2 treatment persisted in the nutrient solution, requiring 24 h to experience a ~50% 
reduction for tomato and lettuce. In the cucumber nutrient solution however, 400 mg⸱L-1 H2O2 
decomposed at a much faster rate and required only 6 h to exhibit a 50% reduction. Cucumber 
nutrient solutions were also the only species to have a complete loss of 400 mg⸱L-1 H2O2 after 48 
h. 
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Figure 8. Hydrogen peroxide concentrations in the nutrient solution measured by potassium 
permanganate titration after 1, 6, 24, and 48 h for cucumber, tomato and lettuce plants. Symbols 
represent hydrogen peroxide concentrations for a 100 mL homogenized sample from five replicate 
plants. Samples were collected following application of the third hydrogen peroxide treatment. 
Each titration was carried following the procedures outlined in Klassen et al. (1994). 
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3.5 – Discussion 
 When applying chemicals for pathogen control in soilless plant production systems, it is 
essential to know at what concentrations the applied chemicals are acceptable for the concerned 
plants (Zheng et al, 2004). The “acceptable concentration”, or concentration threshold, is 
dependent on the plant species, and also the phytoxicity trial protocols. For the present study, 
lettuce plants were grown from seedlings to full marketable size in solutions augmented with H2O2. 
As growers are mainly concerned about the final above ground fresh weight, which determines 
yield, and leaf quality (Ares et al, 2008; Zhang et al, 2015), it is fair to use these criteria to 
determine a H2O2 concentration threshold for the hydroponic production of lettuce. On the other 
hand, cucumber and tomato cultivars in this trial were exposed to H2O2 over relatively a short 
period (20 d) during the early growth stages of these crops within greenhouse production, before 
fruiting began. This dictates it may be safer to use the lowest concentration at which there was a 
negative effect on plant growth as the concentration threshold for these cultivars. Investigating 
changes in plant growth within the context of visual damage symptoms provided a complete 
picture of phytotoxic responses to H2O2 in solution culture. 
 Within commercial greenhouse production, visual damage symptoms are one of the first 
indicators of declining plant health. We found the applied H2O2 concentrations caused visible 
damage to roots of all three crop species without any visible injury to leaves. This suggests visible 
leaf quality provides no indication of H2O2 phytotoxicity in solution culture applications, and 
comes despite significant declines in the leaf areas of all three species at higher H2O2 treatments. 
However, inspecting roots is not practical during commercial production of tomato and cucumber 
plants. Roots of these crops typically grow into blocks of inert media (e.g. rockwool), with 
extended production cycles, resulting in large plants whose roots cannot be easily examined. Thus, 
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cucumber and tomato plants require alternate evaluation techniques focused on examination of 
whole plant growth. Lettuce crops, not subject to these growing methods, may be temporarily 
removed from the widely used nutrient film and deep water culture methods for visual root 
inspections. Root appearance may identify H2O2 phytotoxicity early on in lettuce production, and 
offset the sole reliance on marketable plant traits at the harvest stage. H2O2 affected growth of each 
plant species in an individual manner which required evaluation of different growth metrics to 
establish concentration thresholds. 
 The severity of H2O2 phototoxic responses varied substantially amongst tested crop 
species, preventing suggestion of a single H2O2 concentration threshold. Unique responses to 
exogenously applied H2O2 have been previously reported for different application methods, crop 
species, and even cultivars (Eicher-Sodo et al, 2019; Lu et al, 2013). Cucumber root quality, and 
length, were affected at lower H2O2 concentrations than above ground biomass. Degradation of 
root membranes at ≥200 mg⸱L-1 H2O2 was unique to cucumber plants, suggesting roots are 
susceptible to infection should adequate H2O2 not be maintained in irrigation water. A stronger 
interaction between cucumber roots and H2O2 was evidenced by the rapid decline of 400 mg⸱L-1 
H2O2, due to cucumber having greater root mass than either tomato or lettuce. This dictates a 
cautious approach to H2O2 usage for cucumber. At similar H2O2 concentrations, tomato and lettuce 
roots exhibited an opposite effect where roots thickened. The extent of this morphological change, 
and its influence on tomato and lettuce root responses to pathogens, warrants further investigation. 
Further, tomato roots responded at H2O2 concentrations where above ground plant growth 
declined, which, unlike cucumber, indicates a noticeable effect on root morphology. This decline 
in above ground growth of tomato plants was consistent across the applied metrics, and 
corroborated whole plant growth to establish a H2O2 threshold concentration.  
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Responses of our three test species were influenced by plant age upon onset of H2O2 
treatments. Previous work found lettuce seedlings experienced near mortality after exposure to 85 
to 100 mg⸱L-1 H2O2 for 24 h in a hydroponic system (Nederhoff, 2000). We did not observe 
mortality amongst our plants which were exposed to higher H2O2 concentrations over longer time 
frames. This confirms older plants can thrive under H2O2 concentrations known to control 
pathogens (Coosemans, 1995; Raudales et al, 2014), even under direct root exposure.  Whole roots 
of tomato and lettuce crops, as well as tips of cucumber roots, appeared to thicken as H2O2 
concentrations increased, indicating a potential hyperactive response to oxidative stress (Graham 
et al, 2012). However, the exact reasoning for increased robustness against damage caused by 
H2O2 in older plants remains unknown. Applied H2O2 also induced positive growth in a limited 
fashion. Cucumber leaf areas at 50 and 75 mg⸱L-1 H2O2, and lettuce root dry mass at 25 mg⸱L-1 
H2O2 increased compared to the control. Interestingly, for either species this effect did not translate 
to significant increases in other growth parameters. This suggests H2O2 does not affect plant 
growth evenly, and is instead selective. While similar responses were previously reported for other 
plant species under different H2O2 application regimes (Hameed et al, 2004; Hasan et al, 2016; 
Maniruzzaman et al, 2017), we found this to be the first recorded instance for plants in solution 
culture at these growth stages. 
Our results determined H2O2 thresholds exclusive to crops in solution culture, where 
exposure periods, and concentrations, differ from crops grown in substrates. Dissolved organic 
carbon, present as organic matter in soil, or soilless substrates (e.g. peat, coir), reacts rapidly with 
H2O2, leaving little to contact roots (Romero et al, 2009). Due to this, plant roots will tolerate 
exposure to higher H2O2 concentrations in traditional substrates than suggested by our current 
research. The short exposure period of our crops (20 d) also influences the applicability of our 
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thresholds. Recommended H2O2 thresholds may vary under extended production cycles as we 
observed that plant specific responses change with age. 
 
 
3.6 – Conclusion 
Application thresholds were assigned following criteria based on the unique response of 
each species to H2O2 treatments. From the described criteria, recommended H2O2 maximum usage 
thresholds were as follows: cucumber at 100 mg⸱L-1, tomato at 200 mg⸱L-1, and lettuce at 300 
mg⸱L-1. At concentrations higher than these, we found significant declines in whole plant growth 
and root quality. Visual damage symptoms were limited to plant roots which may hamper efforts 
to diagnose H2O2 phytotoxicity over longer production cycles. Further, H2O2 is capable of inducing 
positive growth to a limited extent when applied in this manner. Expanding on phytotoxicity trials 
in future studies may enhance the criteria available to diagnose H2O2 phytotoxicity in a greater 
variety of greenhouse crops. 
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 Chapter 4 
4 – Conclusion 
  The phytotoxic effects of H2O2 have been covered briefly throughout the literature, usually 
as a side effect of the chosen application process. However, it remains necessary to examine and 
quantify these effects in greater detail to understand how H2O2 phytotoxicity will appear in 
greenhouse specific scenarios. Taking multiple crop species, and various irrigation techniques into 
account was necessary to fully encompass the breadth of effects H2O2 has on crops commonly 
grown in the controlled environment (e.g. greenhouse) production. Accurately characterizing the 
visual symptoms of H2O2 damage provided the opportunity to limit negative effects on marketable 
crop traits while still efficiently controlling pathogens within recirculated fertigation systems. 
Further, this increases the potential applicability of a “clean” chemical which complies with new 
regulations as the Canadian agriculture industry continues to embrace sustainable farming 
practices.  
4.1– Principle Findings 
Phytotoxic responses to H2O2 treatments were unique for individual species or cultivars, 
regardless of the irrigation method employed. H2O2 applied as a foliar spray caused damage in a 
similar pattern on cotyledon, or leaf surfaces, for different microgreen species or lettuce cultivars. 
However, the extent of damage across the production area, either a compostable or plug tray, varied 
by both individual species, and cultivars from the same species. H2O2 had no effect on the visual 
appearance of sunflower microgreens. Daily foliar spray with any concentration of H2O2 did not 
affect the growth for any of the tested crops. When H2O2 was applied in solution culture, visible 
root damage and whole plant growth responses varied between cucumber, tomato and lettuce 
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plants. Some similarities in root visual quality were observed, but the onset of these effects 
occurred at different concentrations. Applying a single H2O2 concentration throughout a multi-
species production system is not recommended as it may induce unwanted phytotoxic effects 
which reduce crop marketability. Visual damage to roots and leaves, as well as growth effects, 
were shown in great detail here. Cautious use of H2O2 should still be employed for additional plant 
species and cultivars beyond those tested here. Further, unique safe concentrations thresholds need 
to be established in specific production systems for untested crops. 
 How irrigation water is applied will alter the effect H2O2 has on the plant, as the same H2O2 
treatment concentration was found to both damage crops, and positively influence growth. Damage 
was always visible after any applied foliar spray with H2O2, but did not hold true in root 
applications, particularly in lettuce and tomato crops. Concentrations of H2O2 which no effect on 
growth of microgreens or lettuce seedlings altered in the growth of cucumber, tomato, and lettuce 
plants in a species and concentration dependant manner. Regardless, visible damage was limited 
to the portion of the plant in direct contact with H2O2, whether it be cotyledons and leaves from 
foliar spray, or roots in solution culture. Foliar and soil drench applications have been previously 
found to induce growth of Artemisia annua in different manners, as well as cause a unique response 
in the same growth metrics (Aftab et al, 2011). However, beyond application method, differences 
in plant age have been known to influence H2O2 response (Hasan et al, 2016). This may have 
further influenced the responses observed here in lettuce crops, though it was not investigated 
whether these differences can be attributed to cultivar specific effects. 
 Determination of H2O2 concentration thresholds required evaluating how best to represent 
the ways H2O2 affects plants at the growth stage during which treatments were applied. In this 
sense, the work in this thesis was completed in a manner relevant to commercial production. 
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Profitability of all species of microgreens and lettuce plants is based directly on fresh weight and 
leaf quality, making it possible to ignore root effects from H2O2 foliar spray applications. 
Presenting H2O2 phytotoxicity based on these factors made sense as plants were harvested when 
ready for sale to the consumer, or when ready for transplant to larger pots. Further, the H2O2 
damage sustained by lettuce seedlings under foliar spray applications may no longer be visible 
upon maturity as leaves expand. Crops with longer production cycles (i.e. cucumber and tomato) 
were harvested before the fruiting stage, when they become profitable. These required a 
conservative estimate to account for potential detriment to their long term growth. The H2O2 
concentration thresholds for these species took whole plant growth into account by considering 
root growth and quality in the context of above ground plant production.  
 Daily or repeated applications of H2O2 for rates at, or below, the thresholds determined in 
the current study did not result in the mortality of any plant species or cultivar tested here. While 
negative effects were evident, all plants complete their respective H2O2 application regimes, 
regardless of irrigation method. Further, suggested threshold concentrations fell above those 
recommended for control of most common greenhouse pathogens (excluding viruses). This 
implies use of the higher H2O2 treatments, capable of causing significant damage, may be possible 
as short term, or “shock” treatments designed to cleanse irrigation water of pathogens. Multiple 
crop species and cultivars appear able to sustain this sort of treatment, especially under foliar spray 
applications. Multiple days of treatment were required for damage to appear in the foliage of 
affected plants (data not shown). While this was not explicitly recorded for the solution culture 
experiment, the same effect likely holds true. 
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4.2– Future Work  
 The unique damage responses for each crop species or cultivar observed here provided 
valuable insight into the work required to assign a concentration threshold for H2O2 use. The 
diverse methodology utilized dictates H2O2 phytotoxicity must continue to be examined on per 
species, or per cultivar basis in future research. Also, cross examination of phytotoxic effects may 
provide insight on common damage indicators not previously recognized between multiple crops. 
This may allow for more rapid diagnosis of H2O2 phytotoxicity during future applications. 
 Establishing H2O2 damage thresholds, while a key aspect when determining how to use 
this disinfectant, does not fully encompass how H2O2 affects plants. The positive influence of H2O2 
on growth of cucumber and lettuce suggests H2O2 elucidates growth at plant stages, and after 
longer exposure periods, beyond what was found in the literature. Future research into how 
sustained exposure to H2O2 manipulates physiological processes would allow for greater control 
over plant growth in a ways which potentially benefit commercial growers.  
 For the most part, H2O2 applications, whether as a foliar spray or in solution culture, were 
applied to plants at youthful life stages in both trials. Only the ‘Little Gem’ lettuce cultivar 
completed a full growth cycle from seed to harvest under a single fertigation regime. This limits 
interpretability of the results as it was not established how plants recover from the phytotoxic H2O2 
effects as they age. Future research may find H2O2 damage and growth effects are not permanent, 
though this remains to be seen. 
As previously mentioned, exposure time is crucial to pathogen control and H2O2 
phytotoxicity as it dictates the contact period. For foliar spray applications, how long an H2O2 
solution contacts leaves will likely determine the severity of damage experienced. Other factors, 
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as evidenced by the lack of damage on sunflower cotyledons, also influence H2O2 penetration into 
the leaf surface. Determining exactly leaves respond to direct H2O2 application, and controlling 
the contact period by altering airflow over the crop canopy, will increase understanding of how 
H2O2 affects marketability of certain crops. Further, this has implications in how H2O2 affects shelf 
stability of leafy greens as damaged leaf surfaces may provide a route for pathogen entrance and 
establishment.  
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